Low-energy ͑18 keV͒ phosphorus ion implantation and rapid thermal annealing at 650°C for 120 s were used to create point defects and promote intermixing in InAs/ InP quantum stick structures grown by molecular beam epitaxy. With these soft conditions for ion-implantation-induced intermixing, photoluminescence measurements at low temperature show a very large blueshift up to 350 nm and a narrow emission linewidth ͑down to 30 nm for ion dose equal to 5 ϫ 10 13 cm −2 ͒. The band gap tuning limit in this system was evaluated using implantation of phosphorus ions at various doses ͑1 ϫ 10 11 -5 ϫ 10 14 cm −2 ͒, at a temperature of 200°C followed by rapid thermal annealing. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2142330͔
The self-organized growth of three-dimensional ͑3D͒ quantum islands using the Stranski-Krastanov growth mode is considered to be one of the most promising methods to elaborate quantum dot ͑QD͒, quantum stick ͑QS͒ or quantum wire ͑QWR͒ structures. Due to the small size of these quantum islands, they provide the ultimate quantum system with zero-dimensional or one-dimensional density of states resulting in three-or two-dimensional carrier confinement. QD lasers 1 and photodetectors 2 with improved characteristics have already been established. Using intermixing techniques, which allow postgrowth tuning of the emission wavelength, active devices with different wavelengths can be fabricated on the same chip for monolithic integration. Intermixing can be induced by several methods. Impurity-free vacancy disordering method uses dielectric caps to create point defects in selected regions, while ion-implantation-induced intermixing method creates vacancies through implantation. In studies on QD intermixing, it has been shown that annealing, with and without dielectric capping, causes a large blueshift and a significant narrowing in the QD photoluminescence ͑PL͒ spectra.
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Ion-implantation-induced intermixing is an extensively used technique for the modification of the potential profile of quantum well heterostructures. [6] [7] [8] [9] [10] [11] Ion implantation has several advantages over other techniques used for intermixing: Ion implantation is compatible with planar processing and one can accurately control the concentration and depth distribution of the point defects by varying the ion dose and energy and/or mask profile. 12 This will allow the feasibility of controlled intermixing in QS structure in selected regions using appropriate ion implantation masks.
The intermixing in QD structures by thermal annealing has been widely studied, [13] [14] [15] [16] whereas there have only been a few studies on ion-implantation-induced intermixing, 17, 18 In this context, we report on the photoluminescence ͑PL͒ properties of InAs/ InP QSs subjected to a postgrowth ion implantation and rapid thermal annealing ͑RTA͒. These treatments induce significant changes in the QS optical properties. In fact, we observe a large wavelength shift up to 350 nm ͑280 meV͒ and a narrowed optical transition in the absence of thermal shift. These lead us to a better control of the QS emission wavelength which is highly attractive for the fabrication of QS-based integrated optoelectronic devices.
The samples investigated in this study were grown by solid-source molecular beam epitaxy on InP͑001͒ S-doped substrates. A 500-nm-thick InP buffer was grown at 480°C at 1 m / h growth rate using a phosphorus pressure equal to 1 ϫ 10 −5 Torr. Then, one plane of InAs QSs was grown with optimized growth parameters in order to reduce the stick size dispersion. 19 It consists of 4 ML of InAs grown at 520°C with an arsenic pressure fixed at 2 ϫ 10 −6 Torr and with a reduced growth rate of 0.25 m/h ͑0.22 ML/ s͒. In these conditions, the 3D growth onset is observed by reflection high-energy electron diffraction at 1.5 ML. Then, the samples were covered with a 70-nm-thick InP layer and with 50-nm-thick InGaAs, lattice matched on InP, which is used as a sacrificial layer. We notice that structural studies 19 indicate that the QSs are elongated along the ͓1-10͔ direction. Their lengths are in the 50-100 nm range. From a crosssectional transmission electron microscopy ͑TEM͒ image, it appears that these QSs exhibit a truncated pyramidal shape with typical base widths of 22± 1.2 nm and almost identical heights close to 2.4 nm. Both atomic force microscopy and TEM images indicate a high stick-like island density of about 7.5ϫ 10 10 cm −2 . Following growth, the samples were implanted with phosphorus ions at doses varying from 10 11 to 5 ϫ 10 14 cm −2 with a fixed energy of 18 keV, at a temperature of 200°C. This ion energy was chosen in order to create point defects only in the InGaAs sacrificial layer which can be selectively removed following RTA and then allows epitaxial regrowth. 6, 10 Moreover, the advantage in using phosphorus ion implantation is that no additional impurities ͑dop-ing͒ are introduced into the structure. Following ion implantation, the samples were annealed using RTA in order to remove the damage caused by the implantation and to initiate the intermixing process. The samples were proximity capped with a clean polished InP substrate and annealed at 650°C for 120 s. PL measurements on intermixed samples were carried out at 20 K. The pump source was a 514 nm line of a laser diode and the spectra were collected using a liquid-nitrogen-cooled Ge detector.
The study of thermal intermixing in our QS samples has shown a large wavelength shift for annealing temperatures above 700°C. So, in order to avoid purely thermal intermixing, the annealing temperature was chosen at 650°C; at this annealing temperature no significant thermal shift ͑less than 3 nm͒ was observed.
In Fig. 1͑a͒ we show the low-temperature PL spectra obtained for the as-grown, the only-annealed ͑unimplanted͒ and the implanted QS samples. For more details we have plotted in Fig. 1͑b͒ the wavelength PL shift as a function of phosphorus ion dose. First, we point out the absence of wavelength shift between the as-grown and the onlyannealed samples. This result is very important to ensure efficient control of the emission wavelength of InAs/ InP QSs. On the other hand, we show the effect of QS structure intermixing using a phosphorus ion implantation and a rapid thermal annealing. In fact, we observe a large blueshift, from 1410 down to 1050 nm, which is certainly due to the intermixing related to As and P atom exchange at the interface between the InAs QSs and the InP barrier. 15 We also note that no major modifications were observed in the integrated PL intensity for the intermixed QS structure with a phosphorus ion dose Ͻ5 ϫ 10 13 cm −2 ͑see Fig. 2͒ . This is in contrast with earlier reports on intermixed InAs/ GaAs QDs done by other groups, see, for example, Xu et al. 20 In their case, they observed quantum well like behaviors for the stronger intermixing conditions, and/or a reduction in the PL intensity which is attributed to the formation of dislocations. Such damaging effects are not present here most likely because of the high quality of our InAs QS sample 21 and the absence of direct implantation damage within the active region. This result confirms that no additional nonradiative defects have been introduced in the active region following ion-implantation-induced intermixing process. Figure 3 depicts the full width at half maximum ͑FWHM͒ of the PL spectra of the QS samples implanted at different phosphorus ion doses. At very low ion implantation dose, the FWHM is about 75 nm ͑47 meV͒. The origin of this emission line broadening comes from size distribution and the value obtained for this linewidth is typical of InAs/ InP QS measured at 20 K. The FWHM increases from 75 to 188 nm when the dose increases from 1 ϫ 10 11 to 1 ϫ 10 12 cm −2 . This behavior results from a nonuniform intermixing process which occurs when the density of vacancies, created by our low-energy ion implantation at low dose, is low compared to the QSs density and the fact that the onset of QS interdiffusion is dependent on their initial size. In that situation, the coexistence of nonintermixed and intermixed regions enhances the overall size/strain and composition fluctuations of the QS array. The appearance of multiple peaks observed in the PL spectrum as shown in the Fig. 1 supports this interpretation. Then, above 1 ϫ 10 12 cm −2 ion dose, the FWHM decreases to reach about 30 nm in the 5 ϫ 10 13 -1ϫ 10 14 cm −2 dose range. At these doses, the intermixing process tends to improve the uniformity in size, composition and strain of our InAs/ InP QS array. Similar effect has been observed by Chia et al. 15 on InAs/ InP QDs elaborated by metal organic chemical vapor deposition and using laser irradiation techniques and rapid thermal annealing. Finally, we point out that this process can be optimized for the realization of ultrawide band super-luminescent diodes.
In summary, we have studied the band gap tuning of InAs/ InP quantum sticks caused by the intermixing induced by low-energy phosphorus ion implantation and rapid thermal annealing. Intermixing leads to a significant improvement in the integrated PL intensity as well as to a reduction in emission linewidth. Controlled wavelength shift up to 350 nm has been achieved using phosphorus ion implantation with doses ranging from 1 ϫ 10 11 to 1 ϫ 10 14 cm −2 followed by rapid thermal annealing at 650°C. The intermixing process used is compatible with epitaxial regrowth thanks to the use of a sacrificial layer. This soft control procedure of the wavelength emission can be very attractive for the fabrication of QD-based integrated optoelectronic devices.
The authors would like to thank our technician staff, P. Lafrance and G. Bertrand, for implantation process. 
